We investigate the cooling rate of a gas of inelastically interacting particles.
The behavior of granular gases has been of large scientific interest in recent time. Goldhirsch and Zanetti [1] and McNamara and Young [2] have shown that a homogeneous granular gas is unstable. After some time one observes dense regions (clusters) and voids. To evaluate the loss of mechanical energy due to collisions one introduces the coefficient of (normal) restitution
where g = | g| and g ′ = g ′ , describing the loss of relative normal velocity g ′ of a pair of colliding particles after the collision with respect to the impact velocity g
It can be shown that even for three particles for certain region of the coefficient of restitution there exist initial conditions which lead to a behavior which is called "inelastic collapse". This means that the particles accomplish an infinite number of collisions in finite time [2] . The conditions under which one can observe inelastic collapse have been studied in one dimensional systems [3] as well as in higher dimension [4] . Recently it was shown numerically that the probability for a collapse rises significantly when the particles have rotational degree of freedom [5] . In this case the collapse is possible for much larger coefficients of restitution than for non rotating particles. Other interesting related results concern bouncing ball experiments on vibrating tables where complicated dynamical behavior is observed (e.g. [6] ). Recently complicated, under certain circumstances irregular motion of a bouncing cantilever of an atomic force microscope when excited by a transducer was investigated [7] .
In the investigations [1] [2] [3] [4] [5] [6] [7] the approximation of constant coefficient of restitution was assumed. Solving viscoelastic equations for spheres currently it was shown that the coefficient of normal restitution ǫ is not a constant but a function of the impact velocity ǫ (g) itself [8, 9] . For the "compression" ξ = R 1 + R 2 − | r 1 − r 2 | of particles with radii R 1 and R 2 at positions r 1 and r 2 one finds
Y is the Young modulus, ν the Poisson ratio and
are the effective radius and mass of the grains, respectively. A is a material constant depending on the Young modulus, the viscous constants and the Poisson ratio of the material.
Equation (2) was derived under the precondition that the colliding spheres have impact velocity much less than speed of sound in the particle material. For details see [8] . The initial conditions for solving (2) are
The coefficient of restitution ǫ of at time t = 0 colliding spherical grains can be found from this equation relating the relative normal velocities g =ξ(0) at time of impact and at time t c , when the particles separate after the collision, i.e. t c is the collision time:
The (numerical) integration of equation (6) yields the coefficient of restitution as a function of the impact velocity (see fig. 1 in [8] ) which is in good agreement with experimental data [10] . Constant coefficient of restitution, however, does not agree with experimental experience [11] . Other theoretical work on this topic can be found e.g. in [12, 13] .
Consider a gas of granular particles at a given initial granular Temperature T 0 . Then the question arises how the temperature decreases with time due to inelastic collisions. This problem has been investigated earlier [14, 15] for the case of constant coefficient of restitution and the result is (s. also [16] )
The time scale τ is a material constant. The temperature decay (7) is the origin of the cluster instabilities which have been investigated recently [1, 2] .
The aim of the present paper is to derive an explicite analytic expression for the coefficient of normal restitution ǫ(g) as a function of the impact velocity g. A direct consequence of this result will be a refined expression for the temperature decay of a granular gas.
The duration of collision t 0 c for the undamped problem (A = 0) is given by [17] :
We want to point out here that Θ 0 c is a constant pure number, not depending on any material
properties. Hence, t 0 c depends only on the material constant ρ and on the initial velocity g.
We use equation (8) to define a rescaled dimensionless time Θ:
Using the abbreviations
and a new set of variables
we rewrite (2) in the formẍ + αv
Hence the initial conditions in our new variables x and Θ read
Both equations of motion, (2) and (12) become special at x = 0 or ξ = 0, respectively, i.e.
all derivatives of third order and higher diverge. This will be shown for the case of x:
and so are the higher derivatives. Because of this singularity we must not expand x in powers of Θ. Because of the initial conditions x(Θ) has the form
which defines the function η(Θ). Using transformation (17) we find Θη + 2η + αv 1 + η + αv
In (19) occur terms Θ 0.5 and Θ 1.5 , therefore we expand η in powers of
The first coefficient a 0 vanishes because of the initial condition for x. When we requirė
to be finite at Θ = 0 the second coefficient a 1 must vanish as well. With Taylor expansion of √ 1 + η and (1 + η) 3 2 for small η we arrive at
and therefore 
which we do not need now but later on.
Note that the coefficients B k are constants, i.e. they do not depend on v nor on material constants.
Equations (2) and (12) The equation of motion for the inverse collision reads
A motion due to eq. (26) in normal time would be an accelerated one. However, we shall mention here that eqs. (12) and (26) describe strictly the same physical motion. The solution x inv of the inverse problem can be derived from the solution of the direct problem replacing α → −α and v → v ′ . 
The expression (30) has to be inserted into the Taylor expansion of x (Θ 0 c /2 + δ):
Hence
Replacing again v → v ′ and α → −α yields
As explained above both solutions (33) and (35) have to be equal. With
we write
We expand v ′ in α 
with
Since Θ 0 c does depend neither on any material properties nor on the impact velocity g or v, respectively, C 1 and C 2 are pure numerical constants. Evaluating C 1 and C 2 in (41)
numerically yields C 1 = 1.15344 and C 2 = 0.79826.
For coefficient of normal restitution one gets
with g being the impact velocity (fig 3) . For the duration of collision we find with (30),
and (40)
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To check the theoretical result (eqs. 41) we integrated numerically eq. (12) and received the curves ǫ(v) and Θ c (v). Then we fitted C 1 and C 2 to these data using (42) When we use the velocity dependent coefficient of restitution in the collision term of Boltzmann equationṪ
we get the cooling rate for dissipative gas
Our final results eq. (42) shows that for viscoelastic colliding smooth bodies the coefficient of normal restitution is a decreasing function with rising impact velocity:
A direct consequence is the cooling rate of a granular gas (eq. (46)): a granular gas consisting of viscoelastic particles cools down significantly slower than a gas of particles which collide with constant coefficient of restitution (s. eq. (7)). Due to our understanding it is neither self-evident whether the clustering observed in granular gases of the latter type, and the extreme case of this effect, the inelastic collapse, will change their overall behavior nor whether they exist at all. These questions should be reconsidered in detail for velocity dependent restitution. 
